cDNA encoding the putative core of the hepatitis C virus NS3 serine protease domain (residues 1-181 of NS3 ; NS3 181 ) was expressed as an N-terminally (His) 6 -tagged fusion protein in Saccharomyces cerevisiae. NS3 181 protease activity was found in soluble cell lysates, and the N-terminal metal-chelating domain facilitated the efficient purification of active enzyme, using immobilized metal affinity chromatography. The purified NS3 181 protease activity was characterized by assaying the trans-cleavage of in vitro transcription-translation generated substrates, and subsequently a previously unobserved cleavage site within the NS5A region was identified. The inhibitory effect of known protease inhibitors was also examined. It is hoped that availability of this method for the expression and purification of the NS3 181 protease will facilitate the development of anti-hepatitis C therapies.
, and NS3, a serine protease which cleaves the remaining sites downstream of itself. Analysis of polyprotein processing in transient expression systems, using radioactive pulse-chase methods, suggests that the cis-cleavage of the NS3\4A junction occurs first, followed by the transcleavage of the NS4A\4B, NS4B\5A and NS5A\5B sites downstream (Hijikata et al., 1991 ; Grakoui et al., 1993 a, b ; Bartenschlager et al., 1994) .
Early studies showed a high degree of sequence variation between different HCV isolates (Choo et al., 1991) . However, there was sufficient homology among HCV strains, and with the serine proteases of the related flaviviruses and pestiviruses, to enable the identification of a region within NS3 as the putative protease domain (Miller & Purcell, 1990) . The NS3 protease domain has since been delineated to approximately 181 residues at the N-terminal third of NS3 (around residues 1027-1207 of the HCV polyprotein), within which are found the conserved residues His-1083, Asp-1107 and Ser-1165, characteristic of the catalytic triad found in trypsin-like serine proteases (Takamizawa et al., 1991) . The remaining C-terminal portion of NS3 contains motifs characteristic of a helicase\ nucleoside-triphosphate-binding domain (Suzich et al., 1993) .
In the absence of an efficient in vitro cultivation system for HCV, the proteolytic processing of the NS3 serine proteases has been studied using in vitro transcription-translation (IVTT) assay systems , transient protein expression in cultured mammalian cells (Grakoui et al., 1993 b) and by following the intracellular processing of substrates in recombinant Escherichia coli (Komoda et al., 1994) and insect cell systems (Hirowatari et al., 1995) . Some of the most recent studies indicate that the NS3 protease domain does not act independently in cleaving the polyprotein. In fact, the NS3 serine protease activity appears to be regulated by NS4A. The mode of regulation by NS4A is still poorly defined, but evidence suggests that the interaction of NS3 with NS4A may be important for substrate recognition in vivo (Bartenschlager et al., 1995) . Moreover, small synthetic peptides, spanning the central region of NS4A, have been used to partially mimic this regulatory effect in vitro . All existing evidence suggests that the NS3 serine protease has a critical role in the processing of mature HCV polypeptides and in the overall process of virus replication. This makes it a promising target for anti-viral intervention. The production and purification of large quantities of this enzyme are prerequisites for structural and mechanical studies of the enzyme, and for the development of assays that would lead to potent and selective inhibitors. Expression and purification of recombinant versions of the full-length NS3 have been reported in E. coli (D'Souza et al., 1995 ; Kakiuchi et al., 1995) . More recently, a 20 kDa protein encompassing the HCV domain has been purified from recombinant-baculovirusinfected insect cells (Steinkuhler et al., 1996) . Here we report a method for the expression and purification of the active recombinant hexahistidine-linked NS3 ")"
protease domain (His-NS3 ")" ) in S. cerevisiae. We also examined the effect of a synthetic NS4A peptide on the substrate specificity of the purified protein, and the effects of various commercial inhibitors on its proteolytic activity. Using standard recombinant DNA techniques (Sambrook et al., 1989) , a 619 bp XbaI-BamHI cDNA fragment containing the coding sequence for NS3 ")" from the HCV subtype strain H (Feinstone et al., 1981) , together with an N-terminal His-tag, was isolated from pET8c\HCV\His-NS3 ")" provided by C. M. Rice (Washington University School of Medicine, St Louis, Mo., USA). To facilitate its cloning into pYes2 (Invitrogen), additional restriction sites flanking the coding sequence were introduced via subcloning into the XbaI-Bgl II sites within the polylinker region of pMTL20 (Chambers et al., 1989) . This allowed its subsequent cloning as a BamHI-XhoI fragment into the BamHI-XhoI sites of pYes2. The resulting plasmid, designated pYes\HCV\His-NS3 ")" , was transformed into
Processing of cleavage sites by His-NS3 181 and the effect of a NS4A peptide on that activity. [ 35 S]Methioninelabelled HCV substrates were prepared using a T7 polymerase IVTT rabbit reticulocyte lysate system, according to the manufacturer's specifications (Promega). The plasmids used to generate the substrates used in this study have previously been described by Lin et al. (1994) . The labelled substrates NS3(S1165A)/4A(1027-1711) (lanes 1-3), NS4B/5A(1712-2420) (lanes 4-7), NS4A/4B(1658-1972) (lanes 8-10) and NS5A/5B(2285-2508) (lanes 11-13). An inactive His-NS3 181 (S1165A) control was used to confirm the alternative cleavage site within the NS4B/5A substrate was NS3 mediated (lane 7). The positions of the cleaved products are indicated on the right by arrows.
S. cerevisiae strain INVSc2 (MATα, his3∆1, leu2, .
S. cerevisiae strain INVSc2, when transformed with the expression vector pYes\HCV\His-NS3 ")"
, expressed the His-NS3 ")" fusion protein upon induction with galactose. Procedures for the cultivation of S. cerevisiae and galactose-induced expression were as described by Schneider & Guarente (1991) . Fig. 1 shows (a) the purification profile of the individual fractions when analysed on SDS-PAGE, (b) the immunoblot using antisera specific to the HCV NS3 protease and (c) the activity identified by cleavage of [$&S]methionine-labelled NS4A\B .
Following expression, the cells were harvested by centrifugation at 5000 g for 15 min and resuspended in breaking buffer (50 mM Na # HPO % pH 8n0, 300 mM NaCl, 5 % glycerol, 0n25 % Tween 20 and 1 mM PMSF). Following addition of an equal vol. of acid-washed 0n45 mm glass beads, the cells were lysed with 10i30 s pulses of a vortex mixer, allowing a 30 s cooling period (on ice) in between each pulse. Cell lysate was removed from the beads and a cleared lysate was obtained by centrifuging at 100 000 g for 60 min. The soluble material (Fig.  1, lane 1) was then loaded onto a nickel affinity column which had previously been equilibrated with breaking buffer. The flow-through was collected (Fig. 1, lane 2) and the column washed with 2 column vols of breaking buffer, followed by 2 column vols of wash buffer (50 mM Na # HPO % , 300 mM NaCl, 5 % glycerol pH 6n0). Elution with a step-gradient of 100 mM-300 mM imidazole in breaking buffer eluted the purified protease within the 100 mM fraction (Fig. 1, lane 3) . Eluted fractions containing the protease were pooled, diluted (1 : 1) in wash buffer without NaCl and loaded onto an SP Sepharose cation exchange column equilibrated with breaking buffer containing 150 mM NaCl. Highly purified protease was eluted in breaking buffer with a salt gradient at 300 mM NaCl (Fig. 1,  lane 4) . The yield was approximately 1-0n5 mg of purified protein from 1 litre of culture. The purity of the final product was estimated to be greater than 90 %.
To study the substrate specificity of the purified NS3 serine protease domain, the following substrates -NS3(S1165A)\ 4A(1027-1711), NS4B\5A(1712-2420), NS4A\B(1658 NS4A\B( -1972 and NS5A\B(2285-2508) -were examined with and without the addition of a synthetic NS4A peptide, H-Gly-CysVal-Val-Ile-Val-Gly-Arg-Ile-Val-Leu-Ser-Gly-Lys-OH (residues 1678-1691) (Fig. 2) . The labelled substrates were mixed in a 1 : 1 (v\v) ratio with purified protease (50 pM) in the presence or absence of the NS4A peptide (15 µM) and incubated for 2 h at 30 mC. The cleavage reaction products were diluted 10-fold with SDS sample buffer, heated to 95 mC for 5 min, and analysed by SDS-PAGE. After electrophoresis, the gels were fixed in methanol-acetic acid, treated with EN$HANCE (Du Pont), dried and exposed to photographic film.
The NS3\4A substrate, itself rendered incapable of ciscleavage by virtue of a Ser to Ala mutation at position 1165 (S1165A), produced no cleavage products when incubated with His-NS3 ")" (Fig. 2, lanes 1-3) . This is consistent with other studies that have proposed that the serine protease domain of the substrate interferes with the accessibility of the NS3\4A cleavage site, thereby inhibiting trans-cleavage by the added active protease (Lin et al., 1994) .
Incubation of the NS4B\5A substrate with His-NS3 ")" alone produced two cleavage products (designated 4Bh and 5Ah in Fig. 2, lane 5) , while NS4A-mediated cleavage resulted in the appearance of two additional cleavage products (designated 4B and 5A in Fig. 2, lane 6) . N-terminal sequence analysis identified the cleavage sites observed. The NS4A-mediated cleavage was identified as the authentic NS4B\5A junction , while the additional cleavage, which took place both in the presence and absence of the NS4A peptide, was found to be within NS5A, after Thr-2172 (Fig. 3) . This latter site is highly conserved among other HCV strains and contains a consensus cleavage site recognition motif (Asp-X-X-X-X-Thr\Ser) similar to that found at the NS3\4A cleavage site. Interestingly, this previously unobserved cleavage site occurs upstream of a hyperphosphorylated region within NS5A, thought to be associated with the subcellular localization of NS5A products (Tanji et al., 1995) . No cleavage of the NS4B\5A substrate was observed when incubated with an inactive protease domain containing the S1165A mutation (Fig. 2, lane 7) .
Cleavage of NS4A\4B and NS5A\5B substrates by His-NS3 ")"
, with and without the addition of NS4A peptide, occurred only at the predicted sites (Fig. 2 b) . The NS5A\B substrate, a truncated version of the native sequence, lacks the additional non-NS4A mediated cleavage site mentioned above.
Inhibitors of all four classes of proteases (cysteine, serine, metallo and aspartic acid) were tested against His-NS3 ")" protease trans-cleavage activity. [$&S]Methionine-labelled NS4A\B was incubated at 30 mC for 2 h with purified protease (50 pM) in the presence of the NS4A peptide (15 µM) and a specific inhibitor. The metalloprotease inhibitors bestatin and EDTA exhibited no inhibitory activity. However, 1,10-phenanthroline was inhibitory at a concentration of 1 mM. This inhibition could possibly be due to Cu# + contamination, which had previously been observed by Kobashi & Horecker (1967) and was partially confirmed since Cu# + was found to be a potent inhibitor of His-NS3 ")" protease activity at 1 mM. Zn# + also exhibited weak inhibitory activity, while Mn# + , Mg# + , Ca# + and K + showed no inhibition of protease activity at 1 mM.
Pepstatin, an aspartic acid protease inhibitor, had no effect on protease activity. Leupeptin and antipain are microbial aldehyde inhibitors of both serine and cysteine proteases and neither appeared to have any noticeable effect (up to 1 mM) on His-NS3 ")" protease activity. Similarly, 1 mM E-64, a potent irreversible inhibitor of cysteine proteases in the papain superfamily, did not inactivate the protease. Investigation of nonspecific serine protease inhibitors showed that no loss of His-NS3 ")" protease activity occurred in the presence of 1 mM benzamidine, 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), PMSF or aprotinin, while chymostatin, a chymotrypsin-like protease inhibitor, inhibited His-NS3 ")" protease at high concentrations (5 mM). 3,4-Dichloroisocoumarin (DCIC), a nonspecific irreversible serine protease inhibitor, was a more effective inhibitor of protease activity (0n1 mM). Similarly, elastinal, an elastase-like protease serine protease inhibitor, showed significant inhibition at 0n2 mM.
Highly reactive chloromethyl ketones such as Nα-p-tosyl--lysine chloromethyl ketone (TLCK) and N-tosyl--phenylalanine chloromethyl ketone (TPCK) are potent inhibitors of trypsin and chymotrypsin, respectively. Both were found to EC inhibit His-NS3 ")" protease activity, with TPCK showing approximately 10-fold better inhibition under the reaction conditions in this study. The inhibitory profile is consistent with the characterization of His-NS3 ")"
protease as a serine protease, possibly with a chymotrypsin or elastase-like fold. However, the ineffectiveness of many serine protease inhibitors suggests that the geometry of the HCV active site may be significantly different from previously characterized serine proteases.
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